Superconducting resonators interfaced with paramagnetic spin ensembles are used to increase the sensitivity of electron spin resonance experiments and are key elements of microwave quantum memories. Certain spin systems that are promising for such quantum memories possess 'sweet spots' at particular combinations of magnetic fields and frequencies, where spin coherence times or linewidths become particularly favorable. In order to be able to couple high-Q superconducting resonators to such specific spin transitions, it is necessary to be able to tune the resonator frequency under a constant magnetic field amplitude. Here, we demonstrate a high quality, magnetic field resilient superconducting resonator, using a 3D vector magnet to continuously tune its resonance frequency by adjusting the orientation of the magnetic field. The resonator maintains a quality factor of > 10 5 up to magnetic fields of 2.6 T, applied predominantly in the plane of the superconductor. We achieve a continuous tuning of up to 30 MHz by rotating the magnetic field vector, introducing a component of 5 mT perpendicular to the superconductor.
Superconducting co-planar microwave resonators allow for a variety of compact designs in conjunction with high quality factors, and find applications in the sensitive readout of individual quantum systems and small ensembles [1] [2] [3] [4] [5] [6] [7] and the coupling of distinct physical systems 2, 8, 9 . Superconducting resonators inductively coupled to atomic impurity spins form the basis of proposals for spin-based quantum memories [10] [11] [12] [13] [14] and have led to substantial advances in the detection limit of electron spin resonance [5] [6] [7] .
The study of spins coupled to superconducting microwave resonators typically requires static magnetic fields in the range of several 100 mT to tune the spin Zeeman energy into resonance with the resonator. Superconducting resonators often exhibit limits in the quality factor (< 10 5 ) under the influence of such static magnetic fields [15] [16] [17] , and while previous studies have shown enhanced magnetic field resilience of high quality factor (> 10 5 ) 18, 19 , these resonator designs were not optimized for high sensitivity spin sensing. Furthermore, of particular interest in the context of long-lived spinbased quantum memories, are specific spin transitions which show an increased resilience to dominant sources of noise (e.g. magnetic or electric field noise) [20] [21] [22] . Prominent examples of systems with such magnetic field noise resilient transitions include bismuth donors in silicon, where the donor electron spin coherence time reaches seconds 20 , as well as rare-earth dopants (e.g. Nd, Er or Yb) in Y 2 SiO 5 23 reaching electron spin coherence times of 1 ms 22 . In the latter case, the additional presence of robust optical transitions leads to potential applications for microwave-to-optical quantum transducers. All such a) Electronic mail: c.zollitsch@ucl.ac.uk noise-resilient transitions are found at specific frequency and magnetic field points in the Breit-Rabi diagram of each spin system. To couple these transitions to superconducting resonators, a high precision in the resonator fabrication process is required -from below a MHz to tens of kHz to fall within the spin linewidth. Frequencytunable resonators offer a more practical route to obtaining such coupling, and additionally offer the ability to study the spin system across a (small) range of frequencies. Several methods have been demonstrated for frequency-tuning superconducting resonators, including i) current-biasing through the signal line 24, 25 ; ii) embedding SQUIDs into the resonator as magnetic-field tunable inductors [26] [27] [28] ; and iii) simply applying global magnetic fields to tune the resonator frequency 18, 29, 30 . None of these approaches is ideally suited to the task of achieving strong coupling to noise-resilient spin transitions: they display a magnetic field resilience which is either limited 28, 30 or not investigated 26, 27 , possess relatively low quality factors 24 or rely on changing the overall magnetic field strength 18, 25, 29, 30 (despite this value being determined by the chosen spin transition).
In this Article, we present a superconducting thin-film lumped element resonator (LER) tailored for a high resilience to static in-plane magnetic fields (up to 2.6 T), and show how its frequency may be tuned by introducing an additional magnetic field component, perpendicular to the superconducting thin-film. In this way, we demonstrate frequency tunability of up to 30 MHz (arising for a perpendicular magnetic field component of 5 mT) while maintaining high quality factors (Q L > 10 5 ). and L kin is the kinetic inductance 32 , arising from the finite inertia of the charge carriers 33 , whose resulting effect is similar to an electromotive force on a charge in an inductor. To tune the resonator frequency, we exploit the dependence of L kin on the Cooper pair density n s , which takes the form L kin ∝ 1/n s 34, 35 . Applying a static magnetic field reduces n s , thus tuning the resonator to lower frequencies, and as long as the applied field does not exceed the first critical field, hysteretic effects in frequency tuning can be avoided 36 . Figure 1 (a) shows a schematic of the lumped element resonator, which was designed for a high field resilience by minimizing the area of the superconducting thin film. The AC electric and magnetic fields are spatially separated. This allows us to concentrate the magnetic fields around the narrow inductor wire (to strongly couple to a small number of spins), but also introduces significant radiative losses. To suppress the radiative losses, the resonator is placed inside a 3D copper cavity (Q 3Dcav ≈ 800) and is excited/read-out by capacitively coupling to two antennae protruding inside the 3D cavity volume 5 . Measured in this way, resonators can demonstrate loaded quality factors exceeding 10 5 .
The resonator shown in Fig. 1 (a) has an overall dimension of 600 µm × 600 µm. The capacitor fingers are 10 µm wide, separated by 50 µm and the total length of the outer and inner fingers are 1.6 mm and 1.35 mm, respectively. The inductor wire is 440 µm long and 2 µm wide. The resonator is fabricated by electron beam lithography and reactive ion etching into a ≈ 50 nm thick NbN film, sputtered on a 250 µm thick high-resistivity (ρ > 5000 Ωcm) n-type Si substrate. Prior to the metal deposition the natural oxide layer on the Si substrate is removed by a 10 sec HF dip and directly transferred into the sputter chamber (less than 1 min). The NbN film was sputtered in a SVS6000 chamber, at a base pressure of 6.5 × 10 −7 mbar, using a sputter power of 200 W in an 50:50 Ar/N atmosphere held at 5 × 10 −3 mbar, with the gas flow for both elements set to 50 SCCM. The resulting NbN films showed a critical temperature of T c = 11.6 K. The 3D cavity loaded with the lumped element resonator is mounted inside a dilution refrigerator (Bluefors LD400) and cooled to a base temperature of 20 mK. The microwave input line in the cryostat is attenuated by 50 dB between room temperature and the mixing chamber stage to reduce thermal noise and thermally anchor the center conductor of the coaxial cables, while the output line contains three cryogenic isolators, two at base temperature and one at still temperature (≈ 850 mK), to suppress thermal noise reaching the sample. The output signal is amplified at 4 K by a cryogenic HEMT amplifier (+40 dB) and then at room temperature (+20 dB). Static magnetic fields of arbitrary orientation were applied using a 3-axis (3 − 1 − 1) T vector magnet (American Magnetics Inc). Figure 1 (b) shows the microwave transmission |S 21 | 2 as a function of frequency at a temperature of 20 mK, with a VNA output power of −25 dB and no externally applied magnetic field. The resonator response is asymmetric due to the strong impedance mismatch induced by the coupling antennae of the 3D cavity 37, 38 . This can be fit by a Fano resonance 39 to extract the resonator parameters: frequency ω res /2π = 6375 MHz and loaded quality factor Q L = 2.97 × 10 5 . Figure 1 (c) shows the microwave power dependence on Q L . At very low power levels (VNA output levels < −45 dB) the quality factor drops to 1.06 × 10 5 and in the high power limit, just before bifurcation (VNA output levels > −10 dB), the quality factor increases to 5.30 × 10 5 . The top axis of Fig. 1 (c) shows an estimated average number of microwave photons n in the superconducting resonator. The uncertainty of this estimate is an order of magnitude and originates from our estimation of the total attenuation of the microwave circuitry (≈ 65 dB) and the insertion loss into the 3D cavity and to the superconducting LER (≈ 25 dB). From the measured resonance frequency and an estimate of the LER's capacitance, us- ing conformal mapping techniques 40 , we determine the resonator's impedance to be Z = 320 Ω ± 20 Ω. Figure 1 (a) illustrates the coordinate system we define, in which we create a total magnetic field vector B eff by applying a constant in-plane field B (aligned along the inductor wire), together with a smaller perpendicular component B ⊥ whose angle α is varied. B is primarily responsible for setting the overall magnetic field amplitude and direction, which tunes the spin transition frequencies onto resonance with the resonator, and oriented along the inductor so that spins directly beneath the wire satisfy the electron spin resonance condition, whereby the static magnetic field is perpendicular to the oscillating microwave magnetic field. The orientation for B is roughly set along a principal axis of the vector magnet when loading the sample, and then carefully aligned to be in the plane of the superconductor through an iterative process at base temperature. We apply a small field (2 mT) along the nominal B axis and then tilt the applied field out of the plane of the superconducting film. At these small fields we can apply the field perpendicular to the resonator without degrading the resonator and thus large tilt angles may be used. By identifying the orientation where the resonator frequency is maximized, we identify an axis which is in the plane of the superconducting thin film. Having re-defined B to a point along this new axis, we then ramp B to a larger field, and then again tilt the axis of the field in order to again identify the orientation for maximal resonance frequency. As the magnitude B increases, the tilt angle decreases ensuring that large fields are not applied perpendicular to the resonator plane. During this process, we keep the perpendicular field component always smaller than 4 mT. We followed this alignment process up to B = 1 T, achieving an accuracy of the in-plane vector of 0.2 %. Although this sets tight bounds on the alignment of B within the plane of the superconductor, the orientation along the inductor wire was not optimized beyond that upon sample loading. This does not affect the measurements presented here, and alignment could be performed by e.g. maximizing an ESR echo amplitude for spins beneath the wire. Figure 2 shows the measured resonator frequency and loaded quality factor Q L as a function of the in-plane magnetic field B , while B ⊥ is kept at 0 T. As the static magnetic field increases from zero to B = 2.7 T, the resonance frequency decreases by 245 MHz and largely follows a parabolic dispersion (solid curve), as expected from the kinetic inductance resulting from the change in the Cooper pair density n s 29, 30, 34 . The parabolic dispersion only holds for superconductors where vortex losses are not dominant, and a divergence from this behavior indicates that the superconductor is predominately in its type-II state where flux vortices are the main source of loss 41 . For B > 2.1 T the resonator frequencies deviate from the parabolic function and for B > 2.6 T a kink is observed, which we interpret as that vortex losses become a dominant loss mechanism at such fields.
As the magnetic field B is increased from zero, Q L of the resonator drops from about 3 × 10 5 to a minimum of about 4×10 4 at a magnetic field of 234 mT. We attribute this to the presence of paramagnetic dangling bond defects at the Si/SiO 2 (natural oxide) interface, with gfactors ≈ 2, inductively coupling to the resonator. Dangling bond defects [42] [43] [44] are known to have densities of ≈ 10 12 /cm 2 and are located in close vicinity to the NbN inductor where the strongest oscillating magnetic fields are present, hence they will strongly interact with the resonator, causing a drop in quality factor due to their dissipation. Increasing B further leads to an increase in Q L , reaching a maximum of 8.6 × 10 5 at 1 T. This suggests that the dangling bond defects limit resonator losses even at zero magnetic field. For B > 1 T the quality factor starts to decrease due to finite misalignments in the static field, as the alignment procedure was performed only up to B = 1 T. At fields larger than 2.5 T Q L falls below 10 5 .
Finally, we investigate the tunability of the resonator frequency by introducing an additional field, B ⊥ , and rotating it by the angle α, as shown in Figure 1 (a) . B ⊥ is kept smaller than the out-of-plane critical field (estimated to be B ⊥,c1 ≈ 6.2 mT) to ensure non-hysteretic frequency tuning. Figure 3 (solid lines in Fig. 3 (a) ), with a frequency minima for maximal out-of-plane field. The behaviour is symmetric for B ⊥ = 4 mT, while some asymmetry becomes apparent for larger values for B ⊥ which we attribute to induced flux vortices. We define the variability of the resonance frequency tuning as ωres (α) /ωres (α + π), which is below 0.005 %, 0.015 % and 0.045 % for B ⊥ = 4 mT, 5 mT and 6 mT, respectively. The maximum tuning range is 20.13(1) MHz, 30.63(3) MHz and 41.4(1) MHz for a B ⊥ of 4 mT, 5 mT and 6 mT, respectively. At an in-plane field of 1 T the tuning behavior is nearly identical to the zero field case. Here, for B ⊥ = 4 mT the variability is below 0.005 % and the maximum tuning range is 19.77 ± 0.1 MHz, a reduction of tuning range by less than 2 % compared with the range at zero field. The loaded quality factor is shown as a function of the magnetic field angle α in Fig. 3 (b) , and has a value of 3.2 × 10 5 for the three different B ⊥ amplitudes for α = 0, with no additional in-plane field. Rotating B ⊥ out of the plane of the superconducting film decreases the quality factor: For 4 mT and 5 mT rotation, Q L drops to an average value of 2.2×10 5 when α reaches 90 • and remains constant for the rest of the rotation. The drop for B ⊥ = 6 mT rotation is more significant, falling to a value of 1.3×10 5 then again remaining constant. The initial drop in Q L indicates the generation of flux vortices even at small perpendicular magnetic fields, however for these values of B ⊥ the losses are tolerable as a Q L > 10 5 can be maintained and no hysteretic behavior in resonance frequency is observed for B ⊥ = 4 mT and only a small hysteretic effect for the higher perpendicular fields. At B = 1 T and B ⊥ = 4 mT, Q L maintains an average value of about 4 × 10 5 . At these static in-plane magnetic fields, noise from the magnet is believed to limit the stability of the LER's resonance frequency, leading to a scatter in the measured Q L .
In summary, we presented a design for a high quality factor, co-planar superconducting lumped element microwave resonator made of NbN, which can be operated at high static magnetic fields (up to 2.6 T in the plane of the superconductor), while maintaining a high quality factor (> 10 5 ). We observe a significant drop in quality factor arising from coupling to g ≈ 2 spins, most likely dangling bond defects at the Si/SiO 2 interface. In principle, this effect could be removed by etching the native oxide preventing the regrowth using a capping layer (such as Al 2 O 3 ) between the Si substrate and the NbN film. We demonstrated the tuning of the resonator frequency by applying a small magnetic field perpendicular to the superconducting film, and we see near non-hysteretic frequency tuning up to 30.63(3) MHz, while maintaining the high quality factor. The tuning range can be further increased with higher perpendicular fields, however, the resonance frequency tuning becomes hysteretic and the quality factor drops. Similar tuning can be performed using significant in-plane fields (e.g. 1 T). This type of resonator is therefore well suited to study the spin-resonator coupling at specific combinations of magnetic field magnitudes and resonance frequencies, e.g. magnetic field noise resilient transitions, and has a high potential for devices such as quantum memories.
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